A predominantly nuclear RNA-binding protein, HuR translocates to the cytoplasm in response to stress and proliferative signals, where it stabilizes or modulates the translation of target mRNAs. Here, we present evidence that HuR phosphorylation at S202 by the G2-phase kinase Cdk1 influences its subcellular distribution. HuR was specifically phosphorylated in synchronous G2-phase cultures; its cytoplasmic levels increased by Cdk1-inhibitory interventions and declined in response to Cdk1-activating interventions. In keeping with the prominently cytoplasmic location of the nonphosphorylatable point mutant HuR(S202A), phospho-HuR(S202) was shown to be predominantly nuclear using a novel anti-phospho-HuR(S202) antibody. The enhanced cytoplasmic presence of unphosphorylated HuR was linked to its decreased association with 14-3-3 and to its heightened binding to target mRNAs. Our findings suggest that Cdk1 phosphorylates HuR during G2, thereby helping to retain it in the nucleus in association with 14-3-3 and hindering its post-transcriptional function and anti-apoptotic influence.
Proliferative and damaging stimuli activate signaling pathways that enable mammalian cells to respond appropriately. Many such signaling cascades activate or inhibit transcription factors that collectively change subsets of expressed genes. In addition, the stimulus-triggered changes in gene expression patterns are decisively influenced by post-transcriptional regulatory processes, notably alterations in mRNA turnover and translation rates (Mitchell and Tollervey 2000; Orphanides and Reinberg 2002; Moore 2005) . Among the post-transcriptional factors governing the expression of subsets of genes are RNA-binding proteins (RBPs) that associate with distinct groups of target mRNAs bearing specific motifs and influence their stability and translation (Keene 2007) . RBPs recognizing U-or AU-rich elements (collectively known as AREs) comprise a distinct family of proteins capable of promoting mRNA decay (e.g., AUF1/hnRNP D, TTP, BRF1, KSRP) (Zhang et al. 1993; Carballo et al. 1998; Chen et al. 2001; Stoecklin et al. 2002) or inhibiting translation (e.g., TIAR, TIA-1) (Anderson and Kedersha 2002) . The best known RBPs that stabilize and in some instances influence the translation of ARE-bearing mRNAs are the members of the Hu/ELAV RBP family. Hu/ELAV proteins comprise the primarily neuronal proteins HuB/Hel-N1, HuC, HuD, and the ubiquitous protein HuR/HuA (Ma et al. 1996; Antic et al. 1999; Brennan and Steitz 2001) .
Like other Hu members, HuR contains three RNArecognition motifs (RRMs) through which it binds target mRNAs. HuR target mRNAs encode proteins such as cyclins (A, B1, D1), tumor suppressors (p53), proto-oncogenes (c-fos, c-myc), growth factors (VEGF), cytokines (TGF-␤, TNF-␣), cyclin-dependent kinase (cdk) inhibitors (p21, p27), and anti-apoptotic factors (prothymosin ␣ [ProT␣], Bcl-2, Mcl-1) (Lafon et al. 1998; Levy et al. 1998; Wang et al. 2000a,b; Nabors et al. 2001; Kullmann et al. 2002; Mazan-Mamczarz et al. 2003; Lal et al. 2004 Lal et al. , 2005 Abdelmohsen et al. 2007b ); many such HuR targets contain one or several copies of an RNA signature motif . Ribonucleoprotein (RNP) associations comprising HuR and its target transcripts are controlled by extracellular cues, notably proliferative and damaging signals. Given the functions of its target mRNAs, HuR has been implicated in processes such as cell proliferation, carcinogenesis, differentiation, and responses to stress and immune stimuli López de Silanes et al. 2003; van der Giessen et al. 2003; Katsanou et al. 2005; Lal et al. 2005; Abdelmohsen et al. 2007b) .
Located between RRM2 and RRM3 of HuR is a hinge region that encompasses a nucleocytoplasmic shuttling sequence (HNS, . Since the decay of ARE-bearing mRNAs is thought to occur in the cytoplasm, HuR has been proposed to elicit its mRNAstabilizing function by binding target mRNAs in the nucleus, exporting and protecting them during cytoplasmic transit, and facilitating their recruitment to the translational machinery (Fan and Steitz 1998; Keene 1999) . The nuclear export of HuR is directly mediated via its association with transportin 1 (Trn1) and Trn2, and also by the association of HuR with nuclear ligands pp32 and APRIL, which contain nuclear export signals that are recognized by the export receptor CRM1 (Gallouzi and Steitz 2001; Rebane et al. 2004 ). The import of HuR is also mediated by Trn1 and Trn2, interacting with the HNS (Guttinger et al. 2004 ); in addition, under conditions of metabolic stress causing reduced energy levels, phosphorylation of importin ␣ by the AMP-activated protein kinase (AMPK) also contributes to the nuclear import of HuR (Wang et al. 2002 (Wang et al. , 2004 . Other signaling kinases that regulate HuR subcellular abundance and/or association with specific target mRNAs have also been reported. Activation of the MAPK (mitogen-activated protein kinase)-activated protein kinase 2 (MK2), a downstream target of the MAPK p38, elevated cytoplasmic HuR levels and increased its ability to bind target mRNAs encoding urokinase-type plasminogen activator and its receptor (Tran et al. 2002) . In addition, heat shock promoted the nuclear export of HuR bound to hsp70 mRNA, an event that was facilitated by HuR's association with pp32 and APRIL .
Recently, the checkpoint kinase Chk2 was shown to phosphorylate HuR at S88, S100, and T118 (located within and between RRM1 and RRM2), modifications that influenced HuR's ability to bind target transcripts in response to oxidative stress (Abdelmohsen et al. 2007a) , and by PKC␣, which phosphorylated HuR at S158 and S221 and elevated its cytoplasmic abundance (Doller et al. 2007) . A chemical-genetic screen to identify targets of Cdk1 (also known as cell division cycle 2, Cdc2) identified serine 202 of HuR as a phosphorylation substrate for Cdk1 (Blethrow et al. 2008 ), but did not assign a function to this modification. Further, HuR(S202) has been shown to be phosphorylated in vivo in a phosphoproteomic survey (Olsen et al. 2006) . Here, we provide evidence that Cdk1 phosphorylation of HuR at S202, near the HNS, prevents the cytoplasmic accumulation of HuR. Using chimeric HuR proteins and a novel antibody that recognizes phospho (p)-HuR(S202), we investigate the biological significance of this modification. Our findings indicate that p-HuR(S202) preferentially associates with a previously unknown nuclear ligand, 14-3-3, and suggest that this association results in the nuclear accumulation of HuR. Accordingly, the nonphosphorylatable mutant HuR(S202A) has a more pronounced cytoplasmic presence leading to the increased expression of HuR target mRNAs implicated in cell proliferation and survival; in turn, HuR(S202A) elicits an enhanced anti-apoptotic phenotype. Taken together, our results reveal that Cdk1 phosphorylation of HuR regulates its subcellular localization and function, and point to HuR as a downstream effector of gene expression programs by Cdk1.
Results

Cdk1 interacts with HuR
The identification of HuR(S202) as a Cdk1 phosphorylation site prompted us to study if HuR and Cdk1 formed protein-protein associations by coimmunoprecipitation (co-IP) analysis. Using whole-cell extracts (WE) prepared from asynchronous proliferating HeLa (human cervical carcinoma) cells, Cdk1 was detected by Western blot analysis in IP samples obtained using an anti-HuR antibody (Fig. 1A) ; conversely, HuR was detected in Cdk1 IP samples (Fig. 1B) . This association did not require the presence of nucleic acids, as it was not disrupted by RNase or DNase treatments (not shown). Cdk1 was present in both nuclear and cytoplasmic extracts (NE, CE, respectively), but it associated with HuR primarily in NE (Fig. 1C) .
Cdk1 inhibition increases cytoplasmic HuR levels
Since HuR function is linked to its translocation to the cytoplasm, it was important to investigate if Cdk1 activity influenced the cytoplasmic HuR abundance. After treatment of cells with the Cdk1-specific inhibitor CGP74514A (CGP, Yu et al. 2003 ) for 2 h, cytoplasmic HuR levels increased in a dose-dependent manner (Fig.  1D) , while HuR signals in WE and NE remained unchanged (Fig. 1D,E) ; it was virtually impossible to see a reciprocal decrease in nuclear HuR, since HuR is much more abundant in the nucleus. A similar CGP-triggered increase in cytoplasmic HuR was seen in other carcinoma lines (data not shown). The effect of CGP on HuR subcellular localization was also examined by immunofluorescence microscopy ( Fig. 1F ; Supplemental Fig. S1 ); as shown, cytoplasmic HuR signals increased markedly in CGP-treated cells. The influence of Cdk1 activity upon the cytoplasmic HuR levels was further tested following other interventions to inhibit Cdk1 function. The levels of Cdk1, Cdk7 (a kinase that phosphorylates Cdk1 at T161 and thereby activates it, Fig. 2A ) or Cyclin B1 (which binds to and activates Cdk1) were reduced by using specific siRNAs. Silencing of each protein increased cytoplasmic HuR levels by about fourfold (Fig.  1G-I ). Since cytoplasmic HuR levels were found previously to change in a cell-cycle-dependent manner in other cell types (Atasoy et al. 1998; Wang et al. 2000a) , it was possible that the cytoplasmic HuR increases were due to gene silencing interventions that might have arrested cells in S and G2/M phases (as shown by Yuan et al. 2002) ; however, this did not appear to be the case, as silencing was incomplete and did not elicit distinct ar-rests in S or G2/M under the conditions tested (Supplemental Fig. S2 ). In addition, Cyclin B1 silencing did not disrupt the interaction between Cdk1 and HuR (Supplemental Fig. S3 ). HeLa whole-cell lysates were used in immunoprecipitation (IP) assays with either control mouse IgG or anti-HuR antibodies, followed by Western blot (WB) detection of Cdk1, HuR, and the negative control GAPDH. (B) Assays were performed as in A except that control rabbit IgG or anti-Cdk1 antibodies were used for IP. (C) Cytosolic extracts (CE) and nuclear extracts (NE) were immunoprecipitated with either control rabbit IgG or anti-Cdk1 antibodies, followed by Western blot detection of HuR and Cdk1. The levels of Cdk1, HuR, ␣-Tubulin (cytosolic marker), and hnRNP C1/C2 (nuclear marker) were detected by Western blot analysis. (D) Following treatment for 2 h with the indicated CGP concentrations, HeLa cytoplasmic extracts (CE) were prepared and the levels of HuR and loading controls ␣-Tubulin and ␤-Actin were monitored by Western blot analysis. (E) After treatment with CGP (2 h, 10 µM), CE (10 µg) and NE (5 µg) were prepared and the levels of HuR, the cytoplasmic marker ␣-Tubulin, and the nuclear marker hnRNP C1/C2 were assessed by Western blot analysis. (F) Immunofluorescence microscopy to assess HuR distribution (green) in cells that were either left untreated (Unt.) or were treated with CGP (2 µM for 2 h). Nuclei were visualized using Topro-3 (blue) and the transcription factor SP1 (red). (Merged) Overlay of Topro-3, HuR, and SP1 signals. (G-I) Cells were transfected with control siRNAs (Ctrl.) or with siRNAs targeting Cdk1, Cdk7 or cyclin B1; 48 h after transfection, the levels of HuR, Cdk1, Cdk7, Cyclin B1, and loading controls ␤-Actin and ␣-Tubulin in whole-cell extracts (WE, 5 µg) and CE were monitored by Western blot analysis. Shown are fold changes in HuR levels as measured by densitometry (±SD, standard deviation from at least three experiments).
Cells that were irradiated with short-wavelength ultraviolet light (UVC, 25 J/m 2 ) were also studied. UVC stress elevates cytoplasmic HuR levels ( Fig. 2B ; Wang et al. 2000b) in part by acting on karyopherins, but it also inhibits Cdk1 (Poon et al. 1996; Zhan et al. 1999 ; data not shown). Cdk1 activity is regulated by two sets of phosphorylation events: In addition to the aforementioned activation by Cdk7-mediated phosphorylation on T161, it is inactivated by phosphorylation on Tyr 15 (Y15) or Thr 14 (T14) by the kinase Wee1/Myt1. Accordingly, UVC irradiation increased Cdk1 phosphorylation at Y15 and decreased its phosphorylation at T161 (Fig.  2C ). Further evidence that Cdk1 function influenced the UVC-triggered increase in cytoplasmic HuR was obtained from cells that were either transfected with Cdk1 targeting siRNA or pretreated with CGP; as shown, each intervention augmented the cytoplasmic levels of HuR, and the effects were further accentuated by irradiation of cells with UVC ( Fig. 2D,E) . Moreover, silencing of Wee1/ Myt1, which inactivates Cdk1, reduced the cytoplasmic HuR levels in both untreated and UVC-treated cells (Fig. 2F,G) . Together, these findings strongly support the view that inhibition of Cdk1 activity increased the cytoplasmic HuR levels.
HuR phosphorylation by Cdk1 linked to its reduction in the cytoplasm
Given the physical association between HuR and Cdk1, the inverse correlation between Cdk1 activity and cytoplasmic HuR levels, and the identification of HuR(S202), adjacent to the nuclear shuttling sequence HNS, as a substrate of Cdk1 (Blethrow et al. 2008) , we hypothesized that Cdk1-mediated phosphorylation of HuR might promote its nuclear localization. To test this possibility, a nonphosphorylatable Ser-to-Ala (S202A) point mutant was made in a mammalian vector that expresses HuR fused to a TAP (tandem affinity purification) tag (Lal et al. 2005) . The resulting chimeric proteins (Fig.  3A) , HuR(WT)-TAP and HuR(S202A)-TAP, were ∼55 kDa and could thus be distinguished from the ∼36-kDa endogenous HuR. As shown (Fig. 3B ), HuR(S202A)-TAP was greater than twofold more abundant than HuR(WT)-TAP ( Fig. 3B , left graph) in CE, but not in WE (Fig. 3B , right graph) or in NE (data not shown). The changes in HuR-TAP abundance were not due to changes in protein half-life, as both the wild-type and S202A variants were stable (Supplemental Fig. S4 ).
To examine the subcellular localization and protein interactions of the HuR(S202) phosphoisoform [p-HuR(S202)], we used a phosphopeptide spanning amino acids 196-208 [Ac-CLSQLYH(pS)PARRFG-amide (Supplemental Fig. S5 )] to generate an anti-p-HuR(S202) polyclonal antibody. This antibody specifically recognized GST-HuR that had been phosphorylated in vitro in the presence of Cdk1 (Fig. 3C ). Endogenous phosphorylated HuR was also detected in WE preparations, since treatment with alkaline phosphatase (CIP) potently reduced p-HuR(S202) signals (Fig. 3D ). When the amounts of lysate tested by Western blot analysis were adjusted to achieve comparable HuR signals in CE and NE, p-HuR(S202) signals were markedly higher in NE compared with CE ( Fig. 3E,F) . These results strongly suggested that HuR phosphorylated at S202 resides predominantly in the nucleus. 
Preferential interaction of phospho-HuR(S202) with various 14-3-3 isoforms in the nucleus
The hypothesis that phosphorylation of HuR on S202 influences its subcellular localization was further tested by examining possible nuclear ligands that could mediate the nuclear retention of p-HuR(S202). We studied the interaction of HuR with nuclear proteins, including several transport machinery proteins reported to interact with HuR (karyopherin ␤2 [Kap ␤2], also called transportin [Trn1, Trn2] ; importin ␣1 [Imp ␣1]; and the nuclear export receptor CRM1 [data not shown]), as well as with 14-3-3 proteins. Screening of the latter family of proteins by co-IP analysis revealed that HuR interacted with various 14-3-3 isoforms ( Fig. 4A ; Supplemental Material). 14-3-3 showed a distinct association with HuR and was studied in greater detail. 14-3-3 was present in both CE and NE (Fig. 4B, Input) , but it bound HuR predominantly in the nucleus (Fig. 4B, IP) . This association decreased by approximately threefold when cells were treated with CGP before IP analysis (Fig. 4C) , indicating that the interaction of 14-3-3 with HuR was enhanced in the presence of active Cdk1. The reduced [HuR-14-3-3] complexes did not arise from changes in the levels of 14-3-3 in CE or NE (Fig. 4D ). Active Cdk1 was required for the formation of the [HuR-14-3-3] complex, as silencing of Cdk1 or cyclin B1 (Fig. 4E , left) largely abrogated the association of HuR with 14-3-3 (Fig. 4E,  right) .
The interaction of HuR with another member of this family, 14-3-3, had no measurable consequences on HuR localization (Fig. 4F) . By contrast, silencing 14-3-3 greatly elevated HuR in the cytoplasm (Fig. 4G) , supporting the views that 14-3-3 specifically contributed to retaining HuR in the nucleus (as did Kap ␤2) (Supplemental Fig. S6 ) and that the different 14-3-3 isoforms could have a distinct influence on HuR levels in CE. Along with an increase in cytoplasmic HuR levels, HuR binding to ProT␣ mRNA was also greater than twofold higher after 14-3-3 silencing, as assessed by RNP IP analysis (Fig. 4H) , indicating that the increase in HuR cytoplasmic presence was associated with enhanced HuR function.
Specific HuR phosphorylation and binding to 14-3-3 during G2/M
The identification of Cdk1 as an HuR kinase prompted a series of experiments to determine if HuR phosphorylation occurred during the G2/M phase, when Cdk1 is active. First, the levels of p-HuR(S202), HuR, the mitotic epitope p-MPM2, other G1, S, and G2/M markers, as well as the percentages of cells in each cell cycle compartment were studied ( Fig. 5A,B; Supplemental Fig. S7 ). In keeping with the findings that G2/M cells were most abundant after nocodazole (Noco) treatment and least abundant after aphidicolin (Aphi) treatment, HuR phosphorylation in vivo, as measured by monitoring the incorporation of inorganic phosphate ( 32 P i ) into HuR, was highest in the Noco population and lowest in the Aphi group (Fig. 5C) . The reduced HuR phosphorylation in the Aphi cultures occurred despite unchanged association of HuR with Cdk1 (Fig. 5D) , and was linked to a decrease in the binding of HuR to 14-3-3 (Fig. 5E) .
When nocodazole was washed from the culture me- dium and cells were released from the G2/M arrest, again p-HuR(S202) was highest when G2/M cells were most abundant, G2/M markers were most prominent, and in vivo HuR phosphorylation was highest ( Fig. 5F-H ). These differences in phosphorylation arose despite continued interaction between HuR and Cdk1, but 14-3-3 binding was observed primarily in populations with phosphorylated HuR (Fig. 5I,J) . Similarly, cells released from synchronization in S phase by double thymidine block (Fig. 6A) showed the highest p-HuR(S202) signals when transversing through G2/M (at 8 and 10 h after release, Fig. 6B) . Collectively, the cell cycle data indicate that HuR(S202) is phosphorylated in G2/M, leading to an increased interaction with 14-3-3 in the nucleus. Together with the prominent cytoplasmic localization of the nonphosphorylatable mutant and the predominantly nuclear p-HuR(S202), we propose a model whereby HuR phosphorylation at S202 promotes its association with 14-3-3 and favors a nuclear localization of the complex, while unphosphorylated HuR(S202) is readily exported to the cytoplasm and modulates the expression of target mRNAs (Fig. 6C ).
Ectopic HuR(S202A) and inhibition of Cdk1 promote the expression of HuR target mRNAs encoding anti-apoptotic proteins and enhance cell survival
The consequences of HuR phosphorylation at S202 leading to higher cytoplasmic HuR levels were further assessed by monitoring the expression of HuR target mRNAs. First, the association of HuR with target transcripts encoding ProT␣, MKP-1, cyclin A, Bcl-2, Mcl-1, and HIF-1␣ was tested by RNP IP analysis. Compared with untreated cells, CGP-treated populations showed an enhanced association of these transcripts with HuR (Fig. 7A) ; likewise, these mRNAs were significantly enriched in HuR(S202A)-TAP IP samples compared with HuR(WT)-TAP IP samples (Fig. 7B) . Second, the enhanced levels of HuR RNP complexes were linked to increased expression of the encoded proteins. For ProT␣, the levels of translated product were tested by measuring the abundance of reporter pEGFP-ProT␣(3ЈUTR), given the lack of suitable anti-ProT␣ antibodies (Lal et al. 2005) . As shown in Figure 7C , EGFP expressed from the EGFP-ProT␣(3ЈUTR) chimeric mRNA was greater than Western blot analysis of the indicated 14-3-3 isoforms (paired samples). (Bottom) Various 14-3-3 isoforms were immunoprecipitated using specific antibodies, and the presence of HuR and negative control GAPDH in the IP materials was tested by Western blot analysis. (B) CE and NE were prepared from HeLa cells, used for IP with control rabbit IgG or anti-14-3-3 antibodies, and HuR and 14-3-3 in the IP samples was detected by Western blot analysis. (C) Following treatment with CGP (2 µM, 2 h), WE were prepared and assayed by IP using control rabbit IgG or anti-14-3-3 antibodies; bound HuR and 14-3-3 were assessed by Western blotting. (D) After CGP treatment (2 µM, 2 h), CE and NE were prepared and the levels of 14-3-3, the cytosolic marker ␣-Tubulin, the nuclear marker hnRNP C1/C2, and the loading control ␤-Actin were analyzed by Western blotting. (E) Forty-eight hours after transfection of cells with the siRNAs shown, WE were prepared and used for IP in the presence of rabbit IgG or anti-14-3-3 antibodies. (Left) The levels of HuR, Cdk1, cyclin B1, and loading control ␤-Actin in the Input material were tested by Western blotting. (Right) The presence of HuR and 14-3-3 in the IP samples was assessed by Western blotting. (F,G) Cells were transfected with either control (Ctrl.) siRNA or with an siRNA targeting 14-3-3 or 14-3-3. Forty-eight hours after transfection, CE and WE were prepared and the levels of HuR and 14-3-3 (F) and 14-3-3 (G) were detected by Western blotting; ␤-Actin and ␣-Tubulin were used as loading controls; ±SD of HuR signals from at least three experiments are indicated. (H) In cells transfected with 14-3-3 siRNA, ProT␣ mRNA levels in HuR IP were determined by RT-qPCR (Materials and Methods); graph depicts the means and SD from three independent experiments.
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Cold Spring Harbor Laboratory Press on November 7, 2008 -Published by genesdev.cshlp.org Downloaded from twofold more highly expressed in the pHuR(S202)-TAP transfection group than in the pHuR(WT)-TAP transfection group (when testing a reporter that lacked the ProT␣ 3ЈUTR, EGFP levels were the same in both transfection groups) (data not shown). Similarly, the levels of MKP-1, Cyclin A, and Bcl-2 proteins implicated in the cell's response to stress-causing and proliferative agents were greater than twofold elevated in cells expressing HuR(S202A)-TAP (Fig. 7D) ; examples of HuR-elicited stabilization and translational up-regulation of target mRNAs is shown (Supplemental Figure S8) .
Given the anti-apoptotic influence of ProT␣, Mcl-1, and Bcl-2, the effect of expressing HuR(WT)-TAP and HuR(S202A)-TAP was tested in cells responding to apoptotic agents. As shown in Figure 7E , exposure of cells to 50 µM etoposide for 24 h triggered the cleavage of PARP most prominently in the control group (TAP); by contrast, PARP cleavage was reduced to ∼70% in cells expressing HuR(WT)-TAP, and was further reduced to ∼30% of control TAP populations when the nonphosphorylatable mutant HuR(S202A) was expressed. HuR(S202A) engendered a similar protection against treatment with staurosporine (Fig. 7F) . In sum, Cdk1 can elicit changes in gene expression and cell integrity by phosphorylating HuR and thereby altering HuR's subcellular localization, its stabilizing influence upon target mRNAs encoding stress-response proteins, and its impact on cell survival.
Discussion
Interaction of HuR with 14-3-3
The studies presented here suggest a regulatory paradigm whereby HuR phosphorylation by Cdk1 promotes its nuclear localization mediated by 14-3-3 proteins (e.g., 14-3-3), as depicted schematically in Figure 6C . In unstressed, actively dividing cell populations, Cdk1 phosphorylates HuR at S202, thereby maintaining reduced levels of HuR in the cytoplasm; this reduction is accentuated by interventions to elevate Cdk1 activity, such as through silencing of an upstream Cdk1 inhibitor like Wee1/Myt1 (Fig. 2G) . Interventions to diminish Cdk1 activity, including Cdk1 silencing, chemical inhibition, (G) Using cells that were processed as explained in F, the levels of the proteins shown were studied by Western blot analysis of WE lysates. (H) In vivo HuR phosphorylation was studied by incubating the populations described in F for 2 h with 32 P i and assessing the incorporation of the radiolabel into HuR by IP using anti-HuR antibody (or IgG in control IP reactions). Total HuR in IP materials was detected by Western blotting (WB). WE lysates from the populations in F were used in co-IP assays to study the association of HuR with Cdk1 (I) and with 14-3-3 (J).
UVC irradiation, silencing of the Cdk1 cofactor cyclin B1, or silencing of the upstream activating kinase Cdk7, all increased the levels of cytoplasmic HuR (Figs. 1, 2) , where HuR(S202) is almost completely unphosphorylated (Fig. 3F) . The subcellular distribution and stoichiometry of unphosphorylated HuR(S202) and p-HuR(S202) could not be precisely quantified, but the use of an antibody recognizing specifically p-HuR(S202) suggested that p-HuR(S202) resides in the nucleus and is largely absent from the cytoplasm, and that p-HuR(S202) is only a fraction of the total nuclear HuR pool.
Interestingly, 14-3-3 was found to interact only in the nucleus and with p-HuR(S202) (Figs. 4, 5) ; limitations to further co-IP analysis of HuR and 14-3-3 included the lack of sufficiently sensitive and specific anti-14-3-3 antibodies and the fact that HuR-TAP migrates close to the heavy IgG chain. Instead, the dependence of HuR phosphorylation for binding to 14-3-3 was tested following interventions to reduce Cdk1 activity. This analysis revealed that silencing of either Cdk1 or Cyclin B1 potently inhibited the association of HuR with 14-3-3 (Fig. 4) . The regulatory paradigm proposed for partly resembles those of other phosphorylated RBPs interacting with 14-3-3 proteins. For example, 14-3-3 binds to p37 AUF1 and retains it in the cytoplasm, enhancing the degradation of target mRNAs (He and Schneider 2006) ; various 14-3-3 proteins interact with phosphorylated BRF1 and thereby block its ability to promote target mRNA decay (Schmidlin et al. 2004 ); phosphorylated TTP associates with 14-3-3 and alters its cytoplasmic distribution, at least in part by excluding complexes from stress granules (Johnson et al. 2002; Stoecklin et al. 2004) ; and Akt-phosphorylated KSRP associates with 14-3-3 and is unable to recruit target mRNAs to the exosome (Gherzi et al. 2006) . The biological consequences of these [RBP-14-3-3] interactions are diverse, in keeping with the functional heterogeneity of 14-3-3 proteins (Yaffe 2002 ), but they suggest that the RBP localization, RNA-binding activity, and post-transcriptional influence upon target mRNAs are broadly linked to the RBP phosphorylation status and interaction with 14-3-3 proteins.
The interaction between HuR and 14-3-3 raises several questions for immediate consideration: Does 14-3-3 binding prevent the binding of HuR to components of the nuclear export machinery? Does the [HuR-14-3-3] complex form initially in the nucleus? Or, does it form in the cytoplasm as a prerequisite for rapid nuclear import? Is the [HuR-14-3-3] complex recognized by components of the nucleocytoplasmic shuttling apparatus? In this regard, we detected an interaction between HuR and karyopherin ␤2 (Kap ␤2 [Trn1 and Trn2]) and between HuR and importin ␣1, but did not find that these associations were influenced by HuR phosphorylation or by 14-3-3 in vivo or in vitro (data not shown). Similarly, use of leptomycin B, which inhibits the export factor and reported HuR ligand CRM1 failed to influence binding of HuR to 14-3-3, regardless of HuR(S202) phosphorylation status (data not shown).
Cdk1 regulating HuR function during the cellular response to stress and apoptosis
In cells responding to damaging stimuli, the regulation of HuR localization and function through phosphorylation by Cdk1 is predicted to have important physiologic implications. Many stress stimuli transiently inhibit cell division, and in particular progression through G2/M (Stark and Taylor 2006) ; a temporary inhibition of Cdk1 would, in turn, facilitate the export of unphosphorylated HuR to the cytoplasm at a time when the injured cell needs to implement a new gene expression program and synthesize stress-response proteins. Supporting this view is the fact that numerous HuR target mRNAs that encode stress-response proteins (e.g., p21, p53, ProT␣, Bcl-2, Mcl-1) are stabilized and/or translated more actively by HuR (Wang et al. 2000b; Mazan-Mamczarz et al. 2003; Lal et al. 2005; Abdelmohsen et al. 2007a,b) . The functional effects of Cdk1 upon the cytoplasmic localization of HuR were recapitulated by point mutation of S202. Compared with HuR(WT), the nonphosphorylatable mutant HuR(S202A) had a more prominent cytoplasmic presence. Accordingly, S202 phosphorylationdependent changes in HuR subcellular levels directly impacted on HuR's binding to mRNAs encoding proliferative and anti-apoptotic proteins (Fig. 7A-D) . While the relative contribution of changes in mRNA stability, protein translation, and protein stability remain to be studied in detail for these proteins, their enhanced expression contributed to reducing apoptosis in response to etoposide and staurosporine (Fig. 7E) . Given HuR's involvement in differentiation, carcinogenesis, and the immune response, the functional implications of HuR phosphorylation at S202 await direct analysis in these important biological processes.
HuR kinases Chk2 and Cdk1
Recent studies from our laboratory (Abdelmohsen et al. 2007a) describe HuR phosphorylation at S88, S100, and T118 by the checkpoint kinase Chk2. Chk2 was activated by treatment with H 2 O 2 , an agent that elevated cytoplasmic HuR levels (Wang et al. 2000b ). However, HuR phosphorylation by Chk2 in response to the oxidant did not directly influence HuR subcellular levels, but instead affected HuR's ability to bind mRNAs: It triggered the dissociation of HuR from certain targets (e.g., SIRT1 mRNA), and enhanced the association of other targets (e.g., ProT␣ mRNA), suggesting that HuR phosphorylation by Chk2 broadly affects HuR's RNAbinding activity. While HuR(S202) phosphorylation in response to H 2 O 2 was not tested directly, we anticipate that it will be reduced, given the general decline in Cdk1 activity that follows exposure to genotoxins, likely contributing to the observed increase in cytoplasmic HuR.
Interestingly, these two paradigms of HuR phosphorylation are closely linked, as Chk2 is an upstream regulator of Cdk1 activity in cells responding to damaging stimuli. Genotoxic stresses such as UVC, oxidants, and ionizing radiation activate Atm (the ataxia telangiectasia mutated protein) and Atr (the Atm-and Rad3-related protein), which in turn activate Chk2 and the functionally related kinase Chk1. Chk1 and Chk2 phosphorylate and thereby inactivate Cdc25, the phosphatase that activates Cdk1 (for review, see Stark and Taylor 2006) . A model is thus envisioned wherein Chk2 and Cdk1 func- tion in tandem to regulate HuR function: Stress agents inactivate Cdk1, thereby permitting the increased presence of HuR in the cytoplasm, and activate Chk2, thus allowing HuR to appropriately elevate or reduce its association with target mRNAs. Efforts are underway to test this model experimentally.
HuR at the convergence of cell proliferation and survival
In mammalian cells, the proliferative and stress responses are intricately connected, both functionally and molecularly. On a functional level, stress stimuli often suppress cell cycle progression, an adaptive response that is viewed as affording the cell with additional time to repair the damage and survive the harmful hit. On a molecular level, many factors mediating both sets of responses are shared, as they operate through common networks of cellular effectors. These signaling paths often begin at the same initial sensor proteins (e.g., growth factor receptors), are frequently transduced through the same signaling pathways (e.g., MAPK, PKC), and culminate in the utilization of many common transcription factors (e.g., p53, pRB, c-Myc, E2F-DP, C/EBP, AP-1) that implement adaptive gene transcription programs. In addition to the shared transcriptional regulators, our results suggest that HuR functions as a joint downstream effector of post-transcriptional gene expression changes in response to stress and proliferative agents. Thus, Cdk1 function lies at the convergence of these two response pathways, increasing during G2 progression and decreasing by stress, and in turn Cdk1 coordinates gene expression programs via downstream effectors like HuR. That Cdk1-mediated phosphorylation of HuR influences its localization and activity constitutes important new insight into the mechanisms controlling the function of HuR, a pivotal regulator of homeostasis in mammalian cells responding to environmental cues.
Materials and methods
Cell culture, treatment, and transfection
Human cervical carcinoma HeLa cells were cultured in DMEM containing 5% fetal bovine serum. The dose of UVC irradiation was 25 J/m 2 . CGP74514A (CGP, Calbiochem) and cycloheximide (CHX, Sigma) were added directly into the culture medium. siRNAs targeting Cdk1, Cdk7, cyclin B1 (Santa Cruz Biotechnologies), or the 3ЈUTR of HuR (Supplemental Material) were used at 100 nM. Plasmid pTAP-HuR(S202A) was prepared by site-directed mutagenesis of pTAP-HuR (Lal et al. 2005) . Oligofectamine and Lipofectamine 2000 (Invitrogen) were used for transfection of siRNAs and plasmids, respectively. Unless otherwise specified, all transfected cells were analyzed 48 h later. HeLa cells (50% confluence) were synchronized by treatment with nocodazole (100 ng/mL) or aphidicolin (2 µg/mL) for 16 h to induce G2/M or G1/S arrest, respectively, and released from the arrest by incubation in fresh medium.
Cell fractionation and protein analysis
Cytosolic and nuclear fractionation, as well as immunofluorescence to study the subcellular distribution of HuR and SP1, were performed as described (Supplemental Material; Lal et al. 2004) . For co-IP analysis, CE, NE, and WE (∼1 mg) were incubated with antibodies recognizing HuR, Cdk1, 14-3-3, or 14-3-3 prebound to Protein A-Sepharose beads (Sigma). Mouse IgG (BD Pharmingen) or rabbit IgG (Santa Cruz Biotechnologies) were used in control IP reactions. Protein-protein interactions were studied by Western blot analysis of IP samples. For Western blot analysis, CE (10 µg), NE (5 µg), and WE (5 µg) were size-fractionated (12% SDS-PAGE) and transferred onto PVDF membranes. Following incubation (16 h, 4°C) with primary monoclonal antibodies (Supplemental Material), blots were washed and incubated with appropriate HRP-conjugated secondary antibodies for 1 h. Signals were detected by enhanced luminescence (Amersham Biosciences).
Evaluation of HuR phosphorylation
An antibody recognizing the phosphopeptide CLSQLYH(pS) PARRFG (Supplemental Fig. S5 ) was custom-made (Quality Controlled Biochemicals). To test its suitability in detecting HuR, a Cdk1 kinase reaction mixture (2.5 µL of Cdk1/Cyclin B, 10 µL of ATP, 2.5 µL of either HuR-GST or GST) was incubated for 10 min at 30°C and stopped by adding SDS sample buffer. Total HuR-GST and phosphorylated HuR-GST were detected by Western blot analysis using HuR and phospho-HuR antibodies, respectively. Control incubations with calf intestine phosphatase (CIP) were performed by pre-incubating WE lysates with CIP (10 units) for 1 h at 30°C. To check the level of p-HuR(S202) in the cytoplasm and nucleus, CE and NE were prepared, a range of lysate amounts loaded on the gel, and total HuR and p-HuR(S202) detected by Western blot analysis using anti-HuR and anti-p-HuR(S202) antibodies, respectively.
In vivo HuR phosphorylation was assessed by incubating with 32 P i (0.5 mCi) for 2 h, whereupon cells were lysed using RIPA buffer. IP assays were carried out for 1 h at 4°C using either mouse IgG or anti-HuR antibodies. After extensive washes in RIPA buffer, IP materials were resolved by 12% SDS-PAGE, transferred onto PVDF filters, and visualized with a PhosphorImager (Molecular Dynamics).
IP of RNP complexes
For IP of RNP complexes, cytoplasmic fractions were prepared as described (Lal et al. 2006) . Briefly, cells were either left untransfected or were transfected with pTAP, pHuR(WT)-TAP, or pHuR(S202A)-TAP (the efficiency of TAP IP is shown [Supplemental Fig. S9]) , and CE prepared in cytoplasmic lysis buffer (20 mM Tris-HCl at pH 7.5, 100 mM KCl, 5 mM MgCl 2 , and 0.3% NP-40) for 5 min, and centrifugation at 10,000g for 10 min at 4°C. The supernatants were used for IP by incubation for 1 h with protein A-Sepharose beads coated with mouse IgG (BD Pharmingen) or anti-HuR antibody (Santa Cruz Biotechnologies); rabbit IgG-agarose was used for TAP IP (Sigma). After the beads were washed with NT2 buffer (50 mM Tris-HCl at pH 7.4, 150 mM NaCl, 1 mM MgCl 2 , and 0.05% NP-40), the complexes were treated with 20 units of RNase-free DNase I (15 min at 37°C) and 0.1% SDS/0.5 mg/mL Proteinase K (15 min, 55°C) to remove DNA and protein, respectively. RNA was isolated by phenol-chloroform extraction and subjected to RT using oligodT and SSII RT (Invitrogen) followed by qPCR analysis as previously described (Lal et al. 2006) , using specific primer pairs to detect ProT␣, cyclin A, MKP-1, Bcl-2, Mcl-1, and GAPDH mRNAs (Supplemental Material).
